INTRODUCTION
It is essential to perform operations of discovery, frequency, time and phase (if necessary) synchronization in wireless data transmission systems. After these operations having been performed, correct demodulation and data decoding are possible. It is well known from the theory of communication that an optimum detector is realized on a matched filter (MF), tuned for the known sequence -preamble, and a threshold device. The sharper and higher the peak on the MF output is, the lower is the probability of a false detection and skip.
Apart from preamble detection, primary time synchronization, indicating the start of data frame, is performed. The sharper the peak of autocorrelation function of the sequence is, the higher is the time resolution. For an ideal sequence, the normalized autocorrelation function (ACF) should be as follows:
r(τ) = 0 for τ ≠ 0 r(τ) = 1for τ = 0 This condition is unsatisfiable for any finite sequence with non-zero symbols. The task of synthesizing the sequence is to ensure the minimum of the side lobes. A large number of sequences with a good ACF are known: M-sequences, Barker, Frank, Zadoff-Chu and other sequences. They all have certain advantages and disadvantages and are applicable to different tasks.
In most cases, there is also signal frequency uncertainty caused by the Doppler Effect and the instability of the reference generators. As a general rule, the increase in frequency shift results in a rapid decrease of the central peak. This leads to correct signal detection failure. One way to solve this problem is to implement a matched filter assembly, with each filter being tuned to its frequency. The shortcoming of this solution is the complexity of a detector proportional to the number of brute-force filters in the assembly. Another solution to this problem is to apply a sequence that is resistant to the frequency shift.
II. PROBLEM STATEMENT
As an example, we consider the phase-coded discrete sequence used as a sync word in the MIL-STD-188-110C Standard app. «C» [1] . Fig. 1 provides the dependence of the main peak amplitude of the correlation function and the maximum of the side lobes. The main peak is seen to diminish as:
where Δf is the frequency shift, M is the length of sequence, Fs is the character frequency. For the standard of MIL-STD-188-110C app. «C», the length of sequence М is 184, and the symbol rate Fs is 2400 baud. Thus, the sequence in question is well suited for detection and primary time synchronization, provided there is a small frequency shift. In this case, at the frequency shift of more than 10 Hz it is impossible to detect the signal using one brute-force filter. However, high confidence of signal detection and primary time synchronization [2 -5] using brute-force filter assembly still remains high.
Let us view another example. We choose the Frank sequence [6] and analyze it in a similar way. The Frank sequence can only have the length of M = n 2 , where n is a natural number. Fig. 2 presents the amplitude dependence of the main and side peaks of the correlation function M = 169. Fig. 2 shows that the Frank sequence is less sensitive to the frequency shift when it is used for detection. This is due to the fact that the Frank sequence is the discrete analog of a chirp signal. For this reason, a detector can only be implemented on one brute-force filter. However, it is not suitable for primary time synchronization because of the time-and-frequency uncertainty.
To summarize the foregoing, we should compromise between the good time resolution and the complexity of detector implementation. The paper presents the sequence and the methods of primary time and frequency synchronization using only two matched filters.
III. THEORY

A. Selecting a Sequence
We choose two chirp-like phase-coded sequences s 1 and s 2 , where the second sequence is a complex conjugate of the first sequence s 2 = s 1 *. We obtain a new sequence using a sequence concatenation s1 and s2:
Thus, with the frequency shift, the response of the matched filter MF1 to sequence s 1 results in the peak shift of the correlation function to the one side, and the response of MF2 to sequence s 2 leads to the peak shift to the other side. This eliminates the time-and-frequency uncertainty typical for chirplike sequences. The time resolution will be determined by the length and type of the selected sequences s 1 and s 2 . Let us take the Frank sequence [6] and the Zadoff-Chu sequence [7] as s 1 and analyze them. Fig. 4 shows the crosscorrelation functions of the original sequences s 1 and s 2 , and frequency shift sequences s 1 ' and s 2 '. These figures indicate that CCF of the Frank sequence at frequency tuning increment acquires side components. The Zadoff-Chu sequence does not reveal side components. This would lead to a conclusion that the Zadoff-Chu sequence is more preferable than the Frank sequence at the same length of M.
B. Estimation algorithm for carrier
As far as the estimation of the carrier has the same sequence as the detection, the first procedure is to determine a signal.
The first step is to normalize the level. The signal-noise mixture is passed through the moving average filter or another normalization circuit of average signal (power) level. The purpose of this operation is to bind the detector threshold to an average level of signal and noise mixture.
The second step is an optimal filtering. The signal-noise mixture is passed through the two matched filters MF1 and MF2. If the detection is at zero frequency, matched filters will have a complex pulse response. Taking into consideration the second sequence being complex conjugated with the second sequence s 2 = s 1 *, an operation of convolution can be halved as long as each complex filter can be regarded as four real filters: where V 1 (t) and V 2 (t) are the responses of matched filters MF1 and MF2 respectively; symbol * is the operation of convolution. The third step is to compare the response with the threshold d and decide on signal delivery if the response is above the threshold. The next step is to search the maximum in the interval when the response exceeds threshold d:
where V 1max and V 2max are the maximum response value; T 1max and T 2max are the time of the maximum response.
The last step is to calculate the value of carrier Δf deviation from the expression (1) (1)
C. Time of arrival estimation algorithm
Along with the carrier estimation, the first stage in time of arrival estimation is signal detection. Time of arrival estimation algorithm agrees with the estimation algorithm of the carrier in steps 1 to 4.
The fifth step is to calculate the time of arrival value t´0 from the expression (2). This expression shows the time of the first character after sync word S. 
IV. RESULTS OF EXPERIMENTS
A numerical simulation was conducted to verify the obtained algorithm. The following sequence was selected as the signal: the first is M zeroes, the next is S = [s 1 s 2 ], and it ends with the random sequence of 8-PSK of M symbols.
This simulates the situation without any initial signal, then a sync word S appears, followed by phase-coded information. The simulation was effected for a channel with an additive white Gaussian noise. The signal/noise ratio has been normalized relative to the energy and symbol duration: E S /N Owhere E S is the energy of the symbol N O is the spectral power density of white noise. The simulation results are shown in table 1. The number of measurements in one experiment is 1e4. Threshold d = 0.8·r(0).
V. DISCUSSION
The results show that the root-mean-square deviation of the carrier and the time of arrival error increase with the decrease of E S /N O and the length of sequence M, and the increase of the frequency shift Δf. A sharp increase in mean squared deviation (MSD) with low E S /N O (e.g. E S /N O < 14dB at m = 32) is caused by false detectors with the noise passed through one of the matched filters exceeding the threshold d. In this case, the value of frequency and time of arrival are calculated by false peaks. One option to reduce the probability of false detection resulted in calculation of the false parameter estimation is to control the permissible value of distances between the peaks. If the distance between the peaks is out of the range of permissible values, the decision to reject the received signal is taken. 
VI. CONCLUSION
The developed estimation method of the carrier and time of arrival is suitable for primary synchronization upon signal detection in phase and frequency modulation modems. This method is of less computational complexity compared with matched filter assembly realization, their number depending on the length of the sequence and the maximum permissible frequency shift. To implement this method of estimating the carrier frequency and time of arrival, only two matched filters are required, regardless of the length of the sequences and frequency tuning. The drawback of this method is the necessity to transmit two sequences instead of one, increasing data packet time.
